A B S T R A C T Conjugates of bilirubin were studied in normal bile of man and rat, and in bile of liver patients. In general human bile was obtained by duodenal intubation. In addition T-tube bile was examined in patients operated on for mechanical obstruction. The bile pigment compositions of duodenal and T-tube bile were similar in two patients where comparison was possible. Obstruction of the bile duct in rats was used as an animal model for obstructive jaundice.
Diazotized ethyl anthranilate was used for determination of total conjugated bile pigment and for thin-layer chromatography (t.l.c.) analysis of the derived azopigments. The available t.l.c. procedures are versatile and allow rapid and quantitative analysis. A variety of conjugated azopigments can be distinguished.
With chloroform, negligible amounts of unconjugated bilirubin are extracted from bile of man. Therefore, the percentage of monoconjugated bile pigments present in the initial bile sample can be calculated from the percentage of azodipyrrole found after diazotization.
Normal bile from man and rat yields similar azopigment patterns. The dominant component is azopigment-8 (azodipyrrole P-n-monoglucuronoside). Small amounts of azopigments with complex conjugating structures ('Y-azopigments) are present in both cases. Human bile further yields small amounts of azopigments containing xylose or glucose (called azopigments-a2 and -a3, respectively). Monoconjugated bilirubin (estimated from the percentage of azodipyrrole) amounts of 22% of total bile pigments in human bile and to 39% in murine bile.
Part of the present work has been reported briefly elsewhere (1) . Received for publication 2 December 1971 and in revised form 22 March 1972. In both, the bulk of bile pigment is bilirubin diglucuronoside.
From bile of patients with acquired liver diseases a new azopigment group (,8-azopigment) was derived. The 'Y-azopigment group was increased; the 5-azopigment group (containing azodipyrrole P-D-monoglucuronoside) was decreased. No differentiation was possible between intra-and extrahepatic cholestasis. The percentage of i8-azopigment showed a positive correlation with serum bilirubin concentration (r = 0.6). Recovery of the diseases was accompanied by normalization of the azopigment patterns.
In rats, hydrostatic or mechanical obstruction induced increases in ,5-and Y-azopigments and a decrease in 8-azopigment similar to the changes observed in bile of liver patients. Complete normalization was obtained 6 hr after relieving the hydrostatic obstruction (duration 15-21 hr) . In contrast, with man after surgery for extrahepatic obstruction, T-tube bile was not normalized when the T-tube was withdrawn (10 days after operation).
Hydrostatic obstruction in rats provides an easy model when postobstructive bile pigment composition and parameters have to be investigated.
The present investigations stress the importance of the physiopathological state when studying bilirubin conjugation. Hindrance to bile secretion induced heterogeneity of bilirubin conjugates and stimulated the formation of complex structures.
(4, 5) with marked species variation. Dog bile contained relatively large amounts of P-D-xylopyranoside and P-Dglucopyranoside of bilirubin (5, 6) whereas the P-D-glucuronoside dominated in bile of rat (4, 7) . A much more complex composition (4) with existence of disaccharidic conjugating groups (8) was demonstrated for human T-tube bile. In all cases examined the saccharidic conjugating groups were bound in acyl linkage to the propionic acid side chains of bilirubin (4, (7) (8) (9) . Temporary bile duct obstruction in rats mediated a transition from the initially simple to a more complex composition (1) similar to that found with human T-tube bile (4) .
In 1957 Billing, Cole, and Lathe (10) separated conjugated bilirubin into two components called pigment I and pigment II. On the basis of chemical studies a bilirubin monoglucuronoside structure was postulated for pigment I. The alternative, a bilirubin: bilirubin diglucuronoside (1: 1) molecular complex was considered possible but less likely. Since the formulation of the monoglucuronoside hypothesis, severe criticism has been raised against it (11) (12) (13) . This was mainly based on lack of success in the rechromatography of pigment I. The observed heterogeneity of bile pigments present in dog bile and in pathological body fluids of man and rat, and the pronounced lability of some of the conjugating structures (4), largely invalidate the argument. In contrast, the available positive evidence strongly favors the existence of bilirubin P-D-monoglucuronoside in normal murine bile (14, 15) . Provided diazotization of bile pigment is complete, estimates of the total amount of monoconjugated bilirubin can be derived from the quantitation of azodipyrrole 1 generated in the coupling reaction (15) .
It will be clear that separation of conjugated bile pigments into two fractions, either by chromatography (10) or by simple phase distribution procedures (16, 17) (4) . The reagent shows great selectivity for conjugated bile pigments (4, 18) although completeness of coupling is conserved (4, 5, 18) . The latter property may be related to the low water solubility of the derived azopigments.2 The azopigments are quantitatively extracted into pentan-2-one (4, 15, 18) and can be used for photometric determination of total conjugated bilirubin and for quantitative analysis of the azopigments after their separation by t.l.c. (4, 5) .
In the present work the analysis of duodenal bile in normal adults and of duodenal and T-tube bile in patients with liver disease was approached as outlined above. Analyses of duodenal bile samples offer the advantage of general applicability and may yield information about alterations in bile pigment metabolism when no appreciable amounts of conjugated bile pigment are returned to the blood. Model experiments were set up with normal and with bile duct-obstructed rats. METHODS Chemicals Chemicals were as specified elsewhere (4, 5, 18) .
Collection of bile of man
Duodenum bile. Normal adults and patients with liver disorders, both in the fasting state, were intubated with a double-lumen Dreilung tube. After passing the pylorus the tip of the tube was placed at the transition of the second and third part of the duodenum. The position was checked by fluoroscopy. Gastric secretions were continuously sucked out. After brief aspiration duodenal fluid was allowed to drain spontaneously by hydrostatic pressure. Usually three samples of so-called A bile were collected. Except when gallstones were present, 40 ml of a concentrated MgSO4 solution (33%, w/v) was then instilled to allow collection of concentrated bile resulting from gallbladder contraction (so-called B bile). Samples of the final C bile (assumed to be composed mainly of hepatic bile) were also obtained.
Routinely the first sample (15 ml) of A bile was rejected.
Samples were collected in the dark. Further processing was done in dimmed light.
Bile obtained during surgery for cholecystectomy, and by T-tube drainage. In some patients hepatic and/or gallbladder bile was obtained during surgical intervention, or afterwards by T-tube drainage. Samples from the 1st, 4th, and 7th day after the day of intervention were examined. No significant changes were noted between the samples obtained the 1st and the 4th day. Usually T tubes were removed the 9th postoperative day.
Bile samples were either analyzed the day of their collection or were stored frozen overnight before being processed. This treatment did not cause detectable alterations of bile pigment composition. Repeated freezing and thawing (10 times), however, induced partial deconjugation of bile pigments.
Collection of rat bile and induction of cholestasis
Male albino Wistar R, rats (body weight 250-400 g) having free access to drinking water and food8 were used.
This explanation has been suggested to us by Dr. J. D. Ostrow.
'RMH-B food; Hope Farms, Woerden, The Netherlands.
Obstruction experiments of short duration. Under light ether anesthesia a polyethylene (PE1o) catheter is brought into the bile duct of a rat and a flat contact thermometer' is inserted subcutaneously with the receptor site against the abdominal muscle wall. After suturing the abdomen the animal is placed in a Bollman restraining cage which is then transferred to a thermostated premature infant incubator.' The thermostat was usually set at 37.80C. Body temperature was recorded continuously with a potentiometric recorder 6 and controlled by a system producing alternating currents of moistened air, either warm or cold. The animals had free access to drinking water but were not infused.
Bile samples were collected sequentially for various periods of time until body temperature had reached the preset value. Several control samples were then collected (at least until 4 hr after starting the cannulation) before cholestasis was induced by elevating the free end of the catheter (19) (20) (21) (22) . In rats, bile flow was counteracted completely by a hydrostatic pressure corresponding to a 23-24 cm bile column. Obstruction was maintained for 3-21 hr. At the end of the obstruction period the catheter was brought down and bile collected for several 10-min periods, followed by a series of longer collection periods. Variants of the procedure are as indicated in the text.
In all experiments with rats, bile was allowed to flow into graduated 10-ml centrifuge tubes with a conical tip, fixed at the upper rim of a small Dewar flask (internal height about 23 cm; internal diameter 7 cm), provided at the bottom with solid C02. By roughly regulating the outflow rate of C02 vapor from the container the temperature in the tube was kept sufficiently low to cause immediate freezing of any drop of bile falling onto the wall of the tube. Bile samples were processed without delay (if not possible, they were stored frozen overnight).
Long-term obstruction. A polyethylene catheter was introduced into the bile duct of a rat, as outlined above. The tube was cut at a length of 5 cm and sealed by heating. The free end was then inserted subcutaneously and the rat allowed to resume normal activities. After 2 or 4 days the end of the catheter was exteriorized under very light ether anesthesia. The rat was again placed in a restraining cage which was kept in the incubator for 2 hr to allow the animal to reach normal body temperature. The catheter was opened, connected to a sufficient length of polyethylene tubing and bile collection started.
Determination of conjugated bile pigment
Diluted bile was treated with diazotized ethyl anthranilate and the concentration of total conjugated bile pigment determined as described (4 temperature in the dark with chloroform-methanol-water (65:25:3, by volume) ( Table I and Fig. 1 ). With azopigment derived from human bile it was advantageous to dry the plates in an air stream and to apply a second development with chloroform-methanol (17: 3, v/v) for 15 cm. The use of the second, less polar solvent system promotes separation of the azopigments of the a-group but has little effect on the RF values of the more polar components.
To facilitate the understanding of the present paper, information relevant to the presently used nomenclature has been gathered in Table I . In view of the as yet incomplete knowledge of the structures of several of the azopigments (4-7) a nomenclature based on separation by t.l.c. seems to offer a useful and valid working basis (Table I ; Fig. 1 ). In order to gain acquaintance with the diversity of azopigment derivatives encountered, employment of azopigment mixtures derived from normal bile of dog and rat (4, 5) and from human T-tube bile as references is advised (Tables  I and II) . Having due regard to the dominant components present in each type of mixture (Table II) unequivocal application of the proposed nomenclature should be easy.
Separation of azopigment-ao and -a2 in samples derived from human duodenum bile was frequently rather poor, the leading spots being laterally elongated and sickle shaped. This caused decreased resolution when the azopigments had to be quantitated by densitometric scanning (5). Considerable improvement was obtained by developing the plates first with chloroform-methanol (17: 3, v/v) for 3 cm, followed by chloroform (containing 0.6-1% ethanol) for 18 cm, before application of the solvent systems mentioned above.
Separated azopigments (derived from normal bile) were quantitated by photometric determination of spots eluted with methanol (4). Elution of the spots is quantitative (4) . For the more complex mixtures densitometric scanning' of the plates (scanning speed 0.5 cm/min) was preferred (5) . The instrument calculates the total extinction of the colored 'Flying Spot TLD-100 Densitometer; Vitatron, Dieren, The Netherlands. t Trace amounts when present; was difficult to separate from azopigment-ca3; moved a little more slowly when it appeared. § Only the major components are given.
areas and further draws a chromatographic profile (typical examples are shown in reference 5).
Chloroform-extractable bile pigments
The technique of Brodersen and Jacobsen (23) Heirwegh (25) . Chloroform extract (1 ml) is mixed with 2 ml of ethanolacetone (1: 1, v/v), containing 30 mg of 2,6-di-tert-butyl-pcresol, and further reacted with 0.5 ml of diazotized piodoaniline reagent (25) for 60 min at 0°C. After the final addition of 3 ml of ascorbic acid solution (10 mg/mi; solvent: 0.1 M NaCl) the reaction mixture is shaken well. The lower phase, which contains the azopigments is separated by centrifugation. The azopigments were seperated by t.l.c. on precoated silica gel plates' with chloroform-methanolwater (65: 25: 3, by volume) as the solvent system.
Separation and detection of bile salts
Samples of azopigment extract derived from human bile, of pentan-2-one solutions of purified azopigment-ao, as, -j, -'y, and -5 (4) Evolution of bile parameters and body tempera-creases in the P-and -y-azopigment fractions with conWistar rat in a moistened air thermostat at comittant decreases of the other azopigments (Table III) cannulation of the common bile duct under ether comittant decreases theoterazoigen blexIII).
Azopigment composition and total conjugated No essential differences appeared between both experire determined on four successive 30-min samples mental approaches. (1) . Duodenal intubation in man as a method of obtaining representative bile samples. In view of the greater field of application of the method of assessing changes in bile pigment conjugation and excretion, as compared to analyses on serum or urine, it was of interest to consider in some detail the reliability of the method.
In the preliminary stages of the present work the first 15-ml portions of A bile were also analyzed. Frequently the ao-percentages were higher than in subsequent samples. In several cases the early samples were slightly acid, showed turbidity and turned greenish before analysis could be begun. Contamination with gastric contents could explain the more acid pH, the tendency to yield biliverdinoid pigments and probably also the increased as-fractions (due to partial hydrolysis of conjugated bile pigment). The latter interpretation is supported by the following observations. Normal duodenum bile when acidified to pH 2.5 and incubated at 370C for 30 min showed an increase of the as-fraction from 11.5% to 14 Instillation of MgSO4 is clearly contraindicated in patients with lithiasis.
In two patients comparison was made between samples of duodenal and hepatic bile. In one patient duodenal bile was collected 7 days before a second sample was obtained during surgery for cholecystectomy. The samples showed nearly the same bile pigment compositions. In the second patient duodenal bile was compared with T-tube bile obtained 30 days later. The compositions were similar but the T-tube bile showed slightly more increased A-and ay-fractions.
Bile pigments in bile of normal and diseased adults. Similar azopigment distributions were found with normal bile of man, dog, and rat ( Fig. 1 and Table II The numbers at the top of the figure refer to individual patients. Group I, patients with pancreatic or hepatic duct carcinoma; group II, patients with gallstone disease; group III, patients with icteric hepatitis; group IV, a patient with primary biliary cirrhosis; group V, patients with alcoholic liver cirrhosis; group VI, a patient (No. 24) recovering from acute hepatitis and one (No. 23) with chronic persistent hepatitis; patient 1* is patient 1 after complete recovery from acute hepatitis. should contain the unconjugated bilirubin, if present) varied between 0.14 and 4.48% of total bile pigment (10 samples analyzed). It was partly composed of conjugated bilirubin, as indicated by t.l.c. of diazotized extracts. After correction for extracted conjugated bilirubin (assumed to be composed of monoconjugates only) the chloroform-extracted bilirubin amounted to less than 1% of total bile pigment in nine cases. It was 2.05% for the remaining bile sample.
In patients with liver disorders marked changes in bile pigment composition were noted (Figs. 3 and 4) . Acquired liver diseases (hepatitis, cirrhosis, obstructive jaundice, and cholelithiasis) showed the appearance of P-azopigments, increased Y-and decreased 5-fractions. The changes were significant (Fig. 4) .
Patients with mechanical obstruction due to pancreatic or hepatic duct carcinoma had deeper jaundice and more pronounced disturbances in bile pigment composition than 2488 Fevery, Van Fig. 4 ) was examined during prolonged hepatitis and 1 yr later when all biochemical function tests were normalized (she had been treated by a low dose of steroids and azothioprine). Bile samples obtained during the illness showed increased (3- and 'vand decreased 5-fractions, the bile examined after recovery was normal (Table IV) . A patient in the recovery phase of acute hepatitis (No. 24 in Fig. 4) showed just a visible trace of fl-azopigment but the 'v-fraction Fig. 4) showed only a trace of 8-azopigment. Absence of correlation of the presence of (3- and 'Y-azopigments with the presence of cholesterol and bile salts. Cholestasis is known to influence markedly the cholesterol and bile salt compositions because of decreased secretion and increased hepatic synthesis. The presence of (3- and -y-azopigments in the chromatograxms could therefore be due to interaction with components from bile although this is unlikely in the light of previous work (4) (5) (6) (7) (8) . As a further test of the previous conclusion that the (3- (26) purified preparations of (3- and y-azopigments were shown to be free of bile salts. Bile salts were present in the 5-preparation but in the above-mentioned solvent system they moved independently of the azopigment.
DISCUSSION
Before discussing the relevance of the present work for studies of liver disorders, it seems appropriate to consider in some detail the information which can be derived from the presently used system for analyzing azopigments.
Apart from the azopigments ao, a2, and a3s (Table I) (Table I) . As for the latter substance (4, 7) an azodipyrrole jS-D-monoglucuronoside structure has recently been demonstrated.' Small amounts of other substances may be present in the 5-azopigment from human T-tube bile as 5-23% of purified preparations resisted attack by (3-glucuronidase (4) . The rather extre~me view has been proposed by Kuenzle (8) cern and the possibility that glucuronosides may have escaped detection can not be excluded.
The situation with respect to the P-and y-azopigments is also unclear (Table I) . They are ester conjugates, are not attacked by 8-glucuronidase, and contain 1 mole of hexuronic acid per mole of azodipyrrole (4) . Acid lability tests further suggest that in addition they contain residues or groups, bound in an acid labile way to the rest of the azopigments (4) . The disaccharidic conjugating structures described by Kuenzle (8) may perhaps be sought among these fractions. The absence of phosphomolybdate-positive material in purified preparations of azopigments-P and -Y, and evidence obtained previously (4) (5) (6) (7) , indicate that these azopigments are not artifacts in the sense that they would represent molecular complexes with other components. It therefore appears that they represent chemical entities which can be studied in relation to physiological and pathological states.
Apart from the uncertainties affecting the homogeneity and structures of some azopigments, interpretation of the azopigment patterns in terms of the parent conjugated bile pigments is difficult (sometimes even impossible). Indeed, diazo coupling leads to the conversion of the tetrapyrrolic bile pigments into mixtures of dipyrrolic azopigments (4, 7, 15, 27) . Except with rather simple mixtures (18, 28) , complete and unequivocal reconstruction of the parent bile pigments or evaluation of their quantitative distribution is impossible. Direct separation procedures are needed. Until now no generally applicable solution to this problem has been available.
The presence of azodipyrrole (azopigment-ao) in mixtures derived from fresh bile reflects with a high degree of probability the existence of monoconjugated bilirubin (4, 15) . The percentage of azopigment au multiplied by 2 then represents the percentage of monoconjugated bilirubin in the initial mixture. This leads to estimates of 22%, 16%, and 39% of monoconjugated bilirubin in normal bile of man, dog, and rat, respectively (Table  II) . High estimates obtained previously for normal rat bile (18) appear to be due, at least in part, to the fact that bile collected during ether anesthesia was used for the determinations. In the case of the rat there is little doubt that mono-and diglucuronosides are indeed the dominant bile pigments in normal bile (15) , in agreement with the preponderance of azopigments-ao and -8 (Table II) and the assignment of an azodipyrrole p-Dmonoglucuronoside structure to the latter pigment (7) . With bile of man, chloroform-extractable bile pigment (after correction for extracted conjugates) amounted to less than 1% of total bile pigment. It is likely therefore that with human as with murine bile the azodipyrrole derives from monoconjugated bile pigment.
Normal bile of man yielded a relatively simple azopigment distribution (Table II) (Table III) . A relationship between pathology and these changes could be demonstrated more directly in three patients. A patient with prolonged acute hepatitis was investigated 1 yr later when all function tests were normalized ( Table   IV ). At that time the bile pigment composition fell within the normal range (Fig. 4) . In two patients, one recovering from hepatitis and the other having chronic persistent hepatitis, respectively, the P-azopigment was nearly undetectable, but a slight increase of the -v-azopigment and a decrease of the 8-azopigment were still apparent (Table IV) .
In man after release of obstruction, T-tube bile was not normalized within 10 days, at which time the T-tube was usually withdrawn. This is probably related to gradual and slow removal of bilirubin conjugates stored in the liver during cholestasis (29) . In rats normalization of bile pigment patterns after hydrostatic (15-21 hr) or mechanical obstruction (2-4 days) required about 6 hr in the former case and was more gradual in the latter (1) . During obstruction in rats, bile pigment deposits can neither be demonstrated histochemically (30) nor biochemically."
Some correlation between fraction-P and total bilirubinemia is apparent (Fig. 5) . The ay-fraction was consistently increased but its percentage in bile correlated less well with bilirubinemia, suggesting that the P-fraction may be a better index of severe cholestasis. The correlation may improve when data is available in connection with the evolution of liver disease. Indeed, depending on the duration and the stage of the illness, deposition of bile pigment in liver (30, 31) or wash-out may occur proceded by increasing or decreasing bilirubinemia (29) .
The altered bilirubin conjugates observed in bile of patients with liver disease may have changed physical properties and could be related to gallstone formation. Bilirubin conjugates, which have an amphipathic structure (32) might play a role in micelle formation. The reported alterations might predispose to secondary gallstone formation. Indeed, increased incidence of pigmentcontaining gallstones in cirrhotic patients has been documented (33 thesia produced pronounced changes in bile pigment composition (Table III) and in flow characteristics of bile. (Fig. 2) . These changes could be traced back, at least in part, to effects of ether per se (increased percentage of monoconjugated bile pigment) and to secundary lowering of body temperature which mainly affected bile flow. Therefore, in establishing normal reference patterns return to normal body conditions has to be checked.
The bile pigment concentration and the flow rate of postobstructive bile in the rat was very high (1) up to 90 min after releasing the obstruction. As a working hypothesis one could suppose that this is due to release of abnormally concentrated bile from a distended bile duct. Reabsorption of water and electrolyes from the bile ducts occurs (34, 35) and distention of the bile duct in rats during obstruction has been demonstrated (20, 21) . However, taking into account the values of biliary tree volumes in obstructed rats obtained by Barber-Riley (21), the total fluid volume present in the distended bile ducts of our rats corresponded to less than the bile output over the first 5 min after relieving the obstruction. Therefore release of stored bile cannot be the whole explanation. Removal of noticeable amounts of bile pigments from obstructed liver is also unlikely as no bile pigment deposits are found in liver cells (30) . Rapid transit of pigment from the blood to the bile has to be a contributing factor.
Increased heterogeneity of bile pigments (4, 8) thus appears to be related to hindrance of bile flow with decreased biliary elimination of pigments. Even minor hindrance seemed to induce or stimulate mechanisms in the hepatocytes responsible for the attachment to bilirubin of conjugating moieties different from or more complex than P-n-glucuronic acid. Further, excretion of diconjugated bile pigments increased from 61% in normal to 83% in postobstructive bile.
